The faecal indicator bacterium Escherichia coli and thermotolerant Campylobacter spp., which are potentially pathogenic, were investigated in the Toenepi Stream draining a pastoral catchment dominated by dairying. Bacteria concentrations were monitored routinely at fortnightly intervals over 12 months and intensively during storm events to compare the transport dynamics of bacterial indicator and pathogen under varying hydro-meteorological conditions. Routine monitoring indicated median concentrations of 345 E. coli MPN 100 ml À1 and relatively low concentrations of 2.3 Campylobacter MPN 100 ml À1 . The bacterial flux was three orders of magnitude greater under elevated stream flow compared with base-flow. E. coli peak concentrations occurred very close to the turbidity peak and consistently ahead of the Campylobacter spp. peak (which was close to the hydrograph peak). We postulate that, under flood conditions, the E. coli peak reflects the entrainment and mobilisation of in-stream stores on the flood wave front. In contrast, Campylobacter spp. are derived from wash-in from land stores upstream and have travelled at the mean water velocity which is slower than the speed of the flood wave. Our findings of different dynamics for E. coli and Campylobacter spp. suggest that mitigation to reduce faecal microbial impacts from farms will need to take account of these differences.
INTRODUCTION
In a number of countries including England (DEFRA 2003) and New Zealand (MfE 2007) microbial water quality is poor in rivers and streams impacted by pastoral farming. For example, Larned et al. (2004) assessed low-elevation rivers in New Zealand and reported that the adverse impacts of pastoral farming included Escherichia coli concentrations exceeding guidelines recommended for contact recreation.
To address such issues the dairy industry, in partnership with policy and regulatory agencies, has introduced a range of initiatives under the Clean Streams Accord including fencing and bridging streams to prevent direct contact of animals with water. A suite of studies summarised by Collins et al. (2007) identified a number of best management practices (BMPs) to reduce microbial pollution from pastoral farming, including fencing. The dairy industry in New Zealand has initiated a programme in which representative regional 'focus' catchments are being assessed for soil and water quality, and the effectiveness of BMPs determined. In the Waikato Region the representative dairy focus catchment is the Toenepi where water quality has been monitored for more than 10 years (Wilcock et al. 2006) .
The only natural habitat of E. coli is the intestines of warm-blooded animals and this bacterium is consistently present in high numbers in their faeces. E. coli is widely used as an 'indicator' of faecal contamination, and is the preferred indicator for freshwaters used for recreation (MfE & MoH 2003; EW 2006) . To assess water quality in rivers and streams it is usual practice to implement an ongoing routine monitoring programme whereby samples are collected at regular intervals (e.g. monthly) for a range of variables.
Such a sampling protocol, although not random, is expected to give the same results (i.e. unbiased estimates of population statistics) as truly random sampling and is sometimes referred to as 'pseudo-random' (Gilbert 1987) . This approach provides general information on the status of a stream or river and identifies trends over time, but is not well designed to capture the variability produced by transient events such as floods.
For example, in the course of natural flood events, E. coli concentrations in the water column can increase by more than two orders of magnitude (from about 10 2 to 10 4 100 ml À1 ; Nagels et al. 2002) . E. coli are typically wellcorrelated with turbidity, with maximum values of these two variables occurring ahead of peak water flow . Muirhead (2001) estimated that on the first day of a single large flood event, more E. coli were delivered by the Topehaehae Stream (adjoining the Toenepi) than the total annual yield estimated from monthly monitoring data. Artificial floods were generated by Muirhead and colleagues (Muirhead et al. 2004 ) in the Topehaehae Stream over several days during dry weather, and the findings suggested that the initial high concentrations in floods were mainly attributable to re-suspension of in-stream stores rather than 'wash-in' from land stores. E. coli concentrations were comparably high with those in natural floods, but the concentrations declined markedly through a series of identical artificial floods owing to depletion of in-stream stores (Muirhead et al. 2004) .
Thermotolerant Campylobacter species are zoonoses (i.e. microorganisms that are infectious for both humans and warm-blooded animals), but although they are a known cause of disease in humans they do not appear to affect the health of animals (Blackmore & Humble 1987) . Most cases of campylobacteriosis are sporadic, and, unusually for an enteric pathogen, there is apparently limited person-to-person transfer. Transfer among animal species appears to occur readily as recovery of Campylobacter jejuni with a very similar genetic composition (indicated by the pulsed-field gel electrophoresis pattern) was reported from the faeces of cows, sparrows, rodents and from flies on a dairy farm in the Manawatu (Adhikari et al. 2004) . Campylobacter spp. are highly infectious (Hunt et al. 1998) with the species C. jejuni accounting for about 90% of reported illness followed by Campylobacter coli and Campylobacter lari. The serotypes commonly found in human infection are frequently isolated from animals and environmental sources (Jones et al. 1984; Devane et al. 2005) .
Campylobacter spp. are widespread in the environment (Jones 2001) , but the main reservoir is animals, and human infection is usually acquired by contact with infected individuals (Hopkins & Scott 1983) or consumption of food or water contaminated by their faeces (Harris et al. 1986 ).
Poultry are a major vector (Jacobs-Reitsma 2000), but cattle and sheep farms are important reservoirs of potentially infectious Campylobacter spp. (Stanley & Jones 2003) .
Increases in Campylobacter spp. have been observed in rural streams and rivers following land application of cattle manure or slurries (Jones 2001) and runoff from farms after rainfall (Jones & Hobbs 1996; Bates & Phillips 2005) . As there are no reports that Campylobacter spp. can multiply outside of host animals, and their environmental survival is much shorter than that of bacteria such as E. coli (Sinton et al. 2007a) , the presence of Campylobacter spp. in surface water implies recent faecal contamination (Bolton et al. 1987) .
New Zealand has a higher reported incidence of campylobacteriosis than other developed countries (Till & McBride 2004) including in the Waikato region (New Zealand Public Health Observatory 2006; WDHB 2005) . In an investigation of sources and transmission routes, Devane et al. (2005) found the same sub-species types of C. jejuni in human clinical cases, faeces of dairy cows, beef cattle, sheep and ducks and also on chicken carcasses. Campylobacter spp. have been isolated from rivers impacted by pastoral farming and by point-source discharges of sewage and meat processing wastewaters (Donnison & Ross 1999) and there was a 60% recovery rate of thermotolerant campylobacters over two years at 25 freshwater beaches (Savill et al. 2001) . Epidemiological quantitative microbial risk assessment suggests that about 5% of New Zealand's cases of campylobacteriosis can be attributed to contact recreation in freshwater (Till et al. 2008) . A similar recovery rate (57%) was reported for recreational water in Northern Ireland; 83% of the campylobacters were identified as C. jejuni or C. coli and the remainder as urease-positive thermotolerant campylobacter (UPTC) (Moore et al. 2001) . As there are very few reports of recovery from human clinical specimens, UPTC are not considered a common human pathogen (Matsuda & Moore 2004) .
This paper describes studies on the faecal microbial status of the Toenepi Stream, a tributary of the Piako River and one of five dairy 'focus' catchments in New Zealand (Wilcock et al. 2006) . We compare monitoring data for thermotolerant Campylobacter spp. with that for E. coli, and for storm events as well as base-flow. This comparison reveals contrasting dynamics that provides insight into different sources and environmental behaviour for these two bacteria.
METHODS
The stream investigated in this study, the Toenepi Stream, is a tributary of the Piako River in the Waikato Region of New Zealand. The substrate of this stream is 100% silt-sand (Duggan et al. 2002) . 
.
Microbiological analysis
The faecal bacterial indicator E. coli was measured using the Quantitray TM and Colilert s system, a multi-well ( 
RESULTS

Routine monitoring
Escherichia coli were present in all water samples and coli MPN s À1 and 1 Â 10 6 Campylobacter spp. MPN s À1 .
Storm-flow monitoring
Four storm events were followed to define the dynamics of (Figure 3(b) ). Peak E. coli concentrations generally preceded the flow peak as has been reported previously . Campylobacter spp.
in contrast, seemed to lag somewhat behind E. coli (and turbidity), and peaked closer to the flow peak (Figure 3(b) ). A similar pattern was observed for the remaining storm events with peaks arriving in relative order of turbidity Z E. coli 4
Campylobacter spp. Z peak stream flow (Table 2) . Throughout the routine monitoring period, concentrations of Campylobacter spp. were always lower than E. coli.
Overall, the median ratio E. coli:Campylobacter spp. was 93, which is higher than the ratios of 30À40 observed in other rural streams (authors' unpublished data). The mean ratio was 220 and comparable to that of 184 reported for rivers in predominantly dairy-impacted catchments (Till et al. 2008) . Previous studies Muirhead et al. 2004) have demonstrated that E. coli concentrations in streams may increase by several orders of magnitude under conditions that generate storm-flow. Storm-flow can thus have a significant influence on the mobilisation of faecal contamination and consequent impact on downstream water quality. A detailed study quantifying faecal pollution loads in the Toenepi stream reported that storm-flow contributed 95% of the total annual export of E. coli from the catchment. In a natural event (i.e.
rain-generated) E. coli are derived from both land stores transported from surrounding grazed pasture and in-stream stores (Muirhead et al. 2004) . In studies carried out in hill country catchments (authors' unpublished data), E. coli The land stores of both bacteria will contribute to water column concentrations and replenish sediment stores. Different time-concentration patterns between E. coli and Campylobacter spp. during flood events in our studies indicate that sediment stores were relatively depauperate for entrainment of Campylobacter spp. as the sediment stores were apparently insufficient for the accelerating flood wave to produce a Campylobacter spp. peak before the peak water flow. Consistent with this interpretation, preliminary data (not reported here) suggest low levels of Campylobacter spp. in stream sediments despite abundant levels of E. coli. The high concentrations of Campylobacter spp. observed under flood conditions are considered to be principally due to wash-in of (recent) faecal matter in overland flow generated by rainfall.
Bacterial concentrations were measured in this study by the laboratory culture methods that were used in a largescale New Zealand freshwater microbiology study that assessed health risks (Till & McBride 2004; Till et al. 2008) .
Conventional culture for Campylobacter spp. provides isolates that can be subjected to multi-locus sequence typing (Carter et al. 2009 ), a topic of ongoing research in the Toenepi catchment. Culture-independent methods (Haugland et al. 2005 ) have the potential to allow rapid and sensitive analysis of large numbers of samples and are likely to be increasingly used in microbial water quality assessment. These methods directly enumerate both the culturable and non-culturable target population and can be used for source tracking (Meays et al. 2004; Shanks et al. 2007) . At present, however, culture-independent methods require validation against health risks (Haugland et al. 2005) for regulatory acceptance (Noble & Weisberg 2005) . The E. coli peak reflects mobilisation primarily from in-stream stores (particularly stream sediments) by the flood wave-front.
In contrast, we hypothesise that wash-in from recent faecal deposits on contributing areas of the catchment is more important for Campylobacter spp., which, once mobilised, travel at the mean velocity of the water to arrive close to the water peak. This interpretation is supported both by:
1) modelling of kinematic wave disturbance and transport of microbes from different sources ; and 2) preliminary findings of high E. coli concentrations, but very low Campylobacter spp., in stream sediments. Further studies are being done to extend our understanding of the relative importance of instream versus land-based sources of these faecal bacteria.
The consistent presence in agricultural streams of thermotolerant Campylobacter spp., and the mobilisation by storm flows, implies a risk both to recreational users of streams and to downstream waters (including shellfish harvesting) that are episodically contaminated by flood plumes. A better understanding of the stream channel dynamics of faecal microbes is required before the effects of on-farm mitigations on catchment-scale water quality can be predicted.
